. Target recognition and effector function by NK cells are known to be controlled by a balance of activating and inhibitory receptors including members of Ly49 (mouse)/KIR (human) family, CD94/NKG2, natural cytotoxicity receptors, and Fc receptors, as well as costimulatory receptors that are essential for tuning their response (3, 4) . The repertoire of activating and inhibitory receptors expressed by NK cells determines whether these cells can recognize and kill infected cells. Activation stimuli normally endow NK cells with cytotoxic function by up-regulating the expression of granzyme B and perforin and the production of effector cytokines such as IFNγ, TNFα, and granulocyte macrophage colony-stimulating factor (GM-CSF) (1, 2) . However, NK cell hyporesponsiveness has been observed upon prolonged stimulation with strong immune activating signals (5-11) and in various chronic inflammatory and autoimmune diseases including chronic hepatitis (12) , tuberculosis (13), AIDS (14) , diabetes (15) , and systemic onset juvenile rheumatoid arthritis (16) . Whether NK cells become dysfunctional through direct or indirect mechanisms is unknown.
The NK cell life cycle is influenced by IL-15. Development of NK cells from precursors in bone marrow depends on the presence of this cytokine as shown by a lack of NK cells in IL-15 and γ-chain knockout mice (17, 18) . During an infection, recognition of danger signals by dendritic cells (DCs) and other myeloid cells leads to production of IL-15 and other cytokines such as IL-12 that are important for activation and proliferation of NK cells as well as cytotoxic CD8 T cells and NKT cells (19) (20) (21) . Each of these effector cells expresses the IL-2/IL-15 receptor β-chain (CD122) and IL-15 is presented to them in trans as a complex with IL-15-receptor-α-chain (IL-15Rα) by DCs and monocytes (22) . NK cells exhibit robust effector functions during the peak of an immune response, but lose cytotoxic and proliferative potential during the contraction phase (23). This is followed by apoptotic clearance of most NK cells, although some may be retained as long-lived "memory" NK cells (23, 24) .
Recent studies raised the possibility that soluble IL-15/IL-15Rα complexes may be a promising and potent agent for tumor immunotherapy (25) (26) (27) (28) . Understanding the biological consequence of long-term cytokine therapy on the immune system is thus extremely important. Therefore, we sought to examine the impact of transient and sustained in vivo stimulation with IL-15/IL-15Rα complexes on NK and CD8 T cells. Here we show that transient stimulation increased the size of the NK cell pool and boosted their activation and functional ability compared with NK cells from untreated mice. Unexpectedly, we found that sustained stimulation led to global impairment in NK cell activation and function, accompanied by marked accumulation of mature NK cells with a KLRG1 + CD11b + CD27 − phenotype. Unlike NK cells, CD8 T cells exhibited robust effector functions and an activated phenotype upon both transient and prolonged stimulation by IL-15/IL-15Rα complexes. Our data reveal that NK and CD8 T cells respond differently to chronic stimulation with this strong activating signal and that NK cells become functionally hyporesponsive upon chronic stimulation with IL-15/IL-15Rα complexes, which has important implications for immunotherapy and vaccine formulation.
Results and Discussion
Chronic Stimulation with IL-15/IL-15Rα Complexes Impairs NK Cell Activation but Not Proliferation. We evaluated the impact of transient (2 d) and sustained (14 d) in vivo stimulation with IL-15/IL-15Rα complexes on NK cell numbers in various lymphoid and nonlymphoid organs (Fig. S1A) . Total splenocyte numbers increased ∼1.5-fold upon transient stimulation and ∼3.5-fold upon sustained stimulation compared with untreated mice (Fig. S1B ). NK cells, identified as NK1.1 + CD3ε
− cells hereafter, increased significantly in a dose-dependent manner in the spleen (Fig. S1 C and D) , expanding ∼2.5-and ∼14-fold upon transient and sustained stimulation, respectively. Likewise, we found that NK cells expanded to similar extents in lymph nodes, bone marrow, liver, and lung upon exposure to IL-15/IL-15Rα complexes (Fig. S1E) .
Next we evaluated NK cell activation following stimulation with IL-15/IL-15Rα complexes by flow cytometry using surface markers known to be up-regulated on NK cells upon activation (24, 29, 30 
CD43
high surface phenotype ( Fig. 1 and Table S1 ). Unexpectedly, we observed marked alterations in the activation status of NK cells upon sustained stimulation with IL-15/ IL-15Rα complexes. In this setting, surface levels of B220, CD44, CD43, and CD11c were significantly reduced compared with transiently activated NK cells. Strikingly, the patterns of expression for these activation markers were nearly superimposable between untreated and chronically stimulated NK cells, indicating that prolonged stimulation by IL-15/IL-15Rα complexes does not maintain a prototypical activation state among NK cells. As expected, transient activation induced an up-regulation of CD69 on NK cells ( Fig. 1 and Table S1 ). Interestingly, the percentage of CD69 + NK cells remained high upon sustained treatments. Thus, NK cells acquire an altered activation status following chronic stimulation.
NK cell expression of various activating and inhibitory receptors (3, 31) was then characterized. Transient stimulation with IL-15/IL-15Rα complexes caused significant increases in surface levels of various activating receptors including NKG2D, CD84, 2B4, NKp46, and DNAM1; however and rather unexpectedly, we found that sustained stimulation led to their down-regulation ( Fig.  1 and Table S1 ). In parallel, the percentage of NK cells expressing the activating receptors, Ly49H and Ly49D, decreased. On the other hand, we found that the proportions of NK cells expressing inhibitory receptors, NKG2A and Ly49I/C/F, were significantly increased upon chronic stimulation. Thus, prolonged stimulation with IL-15/IL-15Rα complexes leads to an altered expression pattern of activating and inhibitory receptors on NK cells. + subset and represent the predominant KLRG1-expressing NK cell subset (23, (32) (33) (34) (35) . We sought to determine the developmental status of NK cells upon transient and prolonged treatment with IL-15/IL-15Rα complexes using these markers. In untreated controls, mature NK cells comprised 50% of splenic NK cells ( Fig. 2A and Fig. S2A ) and ∼15% of bone marrow NK cells (Fig. S2B ). Upon transient stimulation with IL-15/IL-15Rα complexes, CD27
+ NK cells increased in the spleen ( Fig. 2A and Fig.  S2A ) and bone marrow (Fig. S2B) , suggesting activation and/or selective expansion and mobilization of immature cells. However, sustained stimulation led to a significant increase in the proportion of mature NK cells, comprising ∼75% in the spleen ( Fig. 2A and Fig. S2A ) and 35% in bone marrow (Fig. S2B) ) was also observed in the bone marrow (Fig. S2B ) and similar trends were observed for KLRG1 + NK cells in various lymphoid and nonlymphoid organs including lymph node, liver, lung, and spleen (Fig. 2B) . Interestingly, the absolute number of splenic KLRG1 + NK cells, which increased only modestly from 1 × 10 6 in controls to 2 × 10 6 upon transient stimulation, soared to ∼17 × 10 6 upon sustained stimulation with IL-15/IL-15Rα complexes (Fig. 2C) . KLRG1 + NK cells have been reported to exhibit properties of end-stage or senescent cells during the contraction phase of immune responses including decreased proliferative capacity, increased apoptosis, and reduced effector function (23, 35) . Having shown that the NK cell compartment following sustained stimulation with IL-15/IL-15Rα complexes is dominated by a large number of KLRG1
+ mature NK cells, we sought to determine whether they might also exhibit hallmarks of senescence. Using intracellular cytofluorimetric analysis of the K i -67 antigen, a well-established measure of proliferative capacity, we found that K i -67 levels were reduced in total NK cells upon chronic stimulation compared with transient stimulation (Fig. 3A) . Likewise, K i -67 levels in the KLRG1 + mature NK cell subset, which comprised ∼90% of the total NK cell compartment, were reduced by ∼50% upon chronic stimulation compared with transient stimulation (Fig. 3B) .
Next we evaluated expression of activated effector caspases by the KLRG1 + NK cells in our experimental system as a measure of apoptosis. Using the FLICA assay, we found that the percentage of KLRG1
+ mature NK cells with activated caspase 3/7 was reduced upon transient and sustained stimulation with IL-15/IL-15Rα complexes compared with controls (Fig. 3C) . Thus, stimulation with IL-15/IL-15Rα complexes leads to a reduction in apoptosis among mature NK cells. (Fig. 4A) . With paramethoxyamphetamine (PMA)/ionomycin stimulation, the majority of NK cells produced IFNγ with no major differences between conditions (Fig. S3A) . However, the amount of IFNγ per NK cell was significantly reduced upon sustained stimulation compared with transient stimulation as indicated by MFIs (60 vs. 186, P < 0.001) (Fig. 4B) . IFNγ production was also reduced in NK cells from lymph nodes, bone marrow, and liver upon prolonged stimulation (Fig.  S3B) . A similar reduction in TNFα was observed in splenic NK cells (Fig. 4C) . Next, IFNγ expression was analyzed in KLRG1
− and KLRG1 + NK cells upon stimulation with PMA/ionomycin (Fig.  S3C, Left) and anti-NK1.1 (Fig. S3C, Right) . Following transient or sustained stimulations, level of IFNγ expressed by NK cells did not change, on the basis of KLRG1 expression; therefore, NK cell function is diminished regardless of the maturation stage.
We also evaluated degranulation of secretory lysosomes, an indication of target lysis, by quantifying surface deposition of LAMP-1/CD107a. The percentage of CD107a + NK cells was significantly higher upon transient stimulation (65.9%) compared with controls (25.7%) when stimulated on anti-NK1.1-coated plates, whereas the percentage of CD107a + NK cells upon sus- + NK cells in spleen (black, n = 9), lung (dark gray, n = 3), liver (gray, n = 3), lymph nodes (light gray, n = 3), and bone marrow (white, n = 3). (C) Number of KLRG1 + NK cells in the spleen of untreated mice or upon transient and sustained treatments (n = 6). Significance: *P < 0.05, **P < 0.01; NS, not significant. Data are means ± SD. tained stimulation was similar to untreated controls (Fig. 4D) and correlated with the percentage of IFNγ + cells (Fig. 4D , white bars). Stimulation with PMA/ionomycin, however, gave a different picture with the majority of NK cells expressing surface CD107a in all conditions (Fig. S3D) . We evaluated the impact of sustained stimulation with IL-15/IL-15Rα complexes on NK cell cytotoxicity in vitro and in vivo. Cytotoxicity of NK cells against NK cell-sensitive YAC1 cells was tested in vitro using a lactate dehydrogenase release assay. Whereas there was no difference at low effector:target ratios, at high effector:target ratios, NK cells exhibited increased cytotoxicity after transient treatment compared with both sustained treatment and untreated controls (Fig.  4E) . There was only moderate increase in cytotoxicity upon sustained treatment compared with controls. Next, using a carboxyfluorescein succinimidyl ester (CFSE)-based in vivo killing assay in which allogeneic splenocytes serve as targets, the ratio between CFSE high (allogeneic, target) and CFSE low (syngeneic, control) populations in spleen from each experimental condition was compared with the ratio in NK1.1-antibody-depleted mice 3 h after i.v. transfer of target cells (Fig. S3E) . Depletion of NK cells with anti-NK1.1 antibody was confirmed by anti-CD49b staining (Fig. S3F) . The cytotoxicity of NK cells was greater than four times higher upon transient stimulation compared with untreated controls, whereas NK cells exhibited poor killing activity upon sustained stimulation (16.5%) (Fig. 4F ). Finally, we tested whether an additional proinflammatory stimulus known to activate NK cells could recover their function upon sustained stimulation by IL-15/IL-15Rα complexes. Injection of a TLR3 ligand, PolyI:C (36), in combination with the last dose of sustained treatments did not have any effect on IFNγ production by NK cells (Fig. S3G) . Taken together, these results reveal that prolonged in vivo stimulation with IL-15/IL-15Rα complexes generates NK cells with reduced functional activity.
Although the mechanism of altered activation status and reduced functional activity in NK cells upon sustained stimulation with IL-15/IL-15Rα complexes remains unclear, our results suggest that NK cell-extrinsic factors are unlikely to be culprits. First, depletion of CD8 or CD4 T cells (Fig. S4A) , absence of B cells (Fig. S4B) , and absence of T and B cells (Fig. S4C ) had no effect on IFNγ production by NK cells. Although there was a significant increase in number of myeloid cells (Fig. S4D) , these cells were not suppressive (Fig. S4E) . We also determined that various regulatory molecules known to inhibit NK cell function (11, 37, 38) , such as IFNγ, nitric oxide, and IL-12p40 (Fig. S4F) , were not involved. We also evaluated various surface receptors and signaling molecules expressed by NK cells. The levels of CD122 and common γ-chain, which would be important for NK cell responsiveness to the IL-15 superagonist, did not change upon transient or chronic stimulation (Fig. S4G) . However, we did observe a significant reduction in the level of CD3ζ-chain (Fig.  S4H ) upon sustained stimulation with IL-15/IL-15Rα complexes, suggesting that NK cell-intrinsic mechanisms involving signaling molecules downstream of IL-15 signaling may be involved. Further studies are needed to identify potential signaling defects that would account for NK cell hyporesponsiveness or exhaustion upon chronic stimulation. + cells hereafter, expanded in a dose-dependent manner in the spleen (Fig. S5A) . The relative abundance (Fig. S5A, Left) of CD8 T cells increased ∼1.3-fold and ∼3.2-fold upon transient and sustained stimulation, respectively, compared with untreated controls. Likewise, the absolute numbers (Fig. S5A, Right) of CD8 T cells increased ∼2-fold upon transient and ∼11-fold upon sustained stimulation. A CD44 high activated phenotype was observed among ∼90% of CD8 T cells following sustained stimulation with IL-15/IL-15Rα complexes (Fig. S5B) . We also examined surface levels of the early activation marker, CD69, and found that, whereas transient stimulation induced its up-regulation, CD8 T cells were largely CD69
− following prolonged stimulation (Fig. S5C) . Notably, PD1 and KLRG1, two molecules associated with chronic stimulation in T cells (39) , were low to negative on CD8 T cells in all conditions (Fig. S5C) . We then evaluated functional parameters of CD8 T cells following sustained stimulation. Upon PMA/ionomycin stimulation, the percentage of IFNγ + CD8 T cells (Fig. S5D, Left) and the amount of cytokine produced on a per-cell basis (Fig. S5D, Right) increased significantly upon transient and sustained stimulation compared with controls. Similar results were obtained following polyclonal T cell stimulation with plate-bound anti-CD3ε/anti-CD28 antibodies (Fig.  S5E , white bars) and ex vivo stimulation of transferred OT-I cells with chicken ovalbumin SIINFEKL peptide (Fig. S5F) . In addition, we observed increased levels of surface CD107a on CD8 T cells upon sustained stimulation following activation with anti-CD3ε/CD28 antibodies (Fig. S5E) . These results show that in contrast to our findings with NK cells, sustained in vivo stimulation with IL-15/IL-15Rα complexes generates a substantial CD8 T cell compartment with robust effector function. Therefore, the accrual of functionally impaired effector cells following chronic IL-15 stimulation appears to be specific to NK cells.
During the initial steps of immune activation, NK cells are exposed to IL-15 transpresented via IL-15Rα on DCs, an encounter that promotes their expansion and survival throughout the immune response (19) . During the contraction phase, NK cells undergo apoptosis to restore their numbers to baseline, whereas some are retained as memory cells (23, 24, 35) . So-called "endstage NK cells" are characterized by reduced proliferative capacity, diminished functional potential, and elevated apoptosis (23, 35) . Consistent with physiological transpresentation, we found that brief stimulation with soluble IL-15/IL-15Rα complexes led to an expansion of NK cells with markedly enhanced cytotoxic potential relative to NK cells from untreated mice. In contrast, sustained stimulation generated a large NK cell compartment dominated by CD11b + CD27 − KLRG1 + NK cells with hallmarks of end-stage or senescent cells. Furthermore, these cells had a blunted activation profile that resembled unstimulated NK cells and a receptor repertoire with a higher frequency of inhibitory than activating receptors. In contrast to a normal contraction phase, however we observed a reduction in apoptotic mature NK cells. Collectively these results suggest that sustained stimulation with IL-15/IL15Rα complexes caused a massive expansion of NK cells that differentiated into developmentally mature cells. Normally, this stage of NK cell development, which is typified by a relative impairment in effector functions, would be followed by programmed cell death (23) . However, continual stimulation by IL-15, which is a well-known survival signal for NK cells, prevented the natural turnover of developmentally mature NK cells (40) . This outcome highlights the importance of strict regulation of IL-15 expression and transpresentation under physiological conditions (41) . Thus, rather than acquiring an endstage phenotype and then undergoing programmed cell death, these chronically stimulated NK cells, with an exhausted phenotype, accumulate in substantial numbers. The use of IL-15/IL-15Rα complexes is a promising approach against cancer (25) (26) (27) (28) . On the basis of our observations, however, therapies that aim to functionally invigorate cytotoxic lymphocytes through sustained cytokine or adjuvant treatment should be carefully designed to avoid the adverse consequence of NK cell exhaustion.
Materials and Methods
Mice. C57BL/6 and OTI mice (The Jackson Laboratory) were maintained and/or bred under barrier conditions in the Dana-Farber Cancer Institute Animal Facility in accordance with institutional and National Institutes of Health guidelines. Dana-Farber Cancer Institute is accredited by the American Association for the Accreditation of Laboratory Animal Care.
IL-15/IL-15Rα Treatments. Human IL-15 was a generous gift from Amgen (Thousand Oaks, CA); mouse and human IL-15 were purchased from eBiosciences. Initially, we tested different sources of mouse and human IL-15, precomplexed at different ratios with murine IL-15Rα-human IgG1-Fc fusion protein (IL-15Rα) and observed similar effects on cell function and expansion as described in this study (Fig. S6) . We chose one of these combinations in this study: Statistics. Statistical analysis was performed using Student's t test and KruskalWallis test with ANOVA and GraphPad Prism software. P values <0.05 were considered significant (*P < 0.05, **P < 0.01,*** P < 0.001; NS, not significant). All data are presented as means ± SD.
